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ABSTRACT: The widespread use of Cry proteins in insecticide formulations and transgenic crops for insect control has led to
an increased interest in the environmental fate of these proteins. Although several detection methods are available to monitor the
fate of Cry proteins in the environment, enzyme-linked immunosorbent assays (ELISAs) have emerged as the preferred detection
method, due to their cost-eﬀectiveness, ease of use, and rapid results. Validation of ELISAs is necessary to ensure accurate
measurements of Cry protein concentrations in the environment. Validation methodology has been extensively researched and
published for the areas of sensitivity, speciﬁcity, accuracy, and precision; however, cross validation of ELISA results has been
studied to a lesser extent. This review discusses the use of ELISAs for detection of Cry proteins in environmental samples and
validation of ELISAs and introduces cross validation. The state of Cry protein environmental fate research is considered through
a critical review of published literature to identify areas where the use of validation protocols can be improved.
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■ INTRODUCTION TO Cry PROTEINS
Origin. Insecticidal crystalline proteins were ﬁrst discovered,
unknowingly, in 1901 when S. Ishiwata isolated a micro-
organism from a diseased silkworm larva (Bombxy mori), which
he named Bacillus sotto.1 [Although initially discovered and
named by Ishiwata, because he did not formally describe it,
Ernst Berliner received credit for naming it Bacillus thuringiensis
when he discovered a similar microorganism in diseased
Mediterranean ﬂour moth larvae (Anagasta kuchniella) living in
stored grain in the state of Thuringia, Germany in 1911.]2 In a
follow-up report in 1905 Ishiwata noted “death occurs before
the multiplication of the bacillus...” where the ﬁrst indication
that a toxin is at least partially responsible for the pathogenicity
of B. thuringiensis arises.2,3 However, identiﬁcation of the toxic
agent had to wait until 1954 when T. A. Angus showed that
bipyramidal crystals present in sporulating B. thuringiensis cells
were actually responsible for toxicity to Bombxy mori larvae,
while spores alone had no eﬀect.2,4 From the 1960s to the
1980s, new B. thuringiensis subspecies such as kurstaki, kurstaki
HD-1, and tenebrionis were identiﬁed, bringing with them new
crystalline proteins or Cry protein.2 Currently, there are more
than 70 primary classes of Cry proteins (complete list available at
www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/intro.html).
Mechanism of Action. The exact mechanism of action of
Cry protein toxins is not currently known, but it is generally
recognized as a multistep process. Three diﬀerent proposed
models of mechanism of action are described in detail
elsewhere.5−7 For the purposes of this review, only a summary
of the basic mechanism of action steps is provided. First, the
Cry proteins must be ingested by a susceptible species, as they
have no contact toxicity.8 Once inside the insect midgut, the
Cry proteins are solubilized in an alkaline (for lepidopteran and
dipteran insects) or a neutral or acidic (for coleopteran insects)
environment.8 Proteases from the host insect, such as trypsin
and chymotrypsin, then process the Cry proteins, cleaving oﬀ
portions of the N- and C-terminals, leaving only the activated
toxin.9 The activated toxin binds to speciﬁc receptors on the
midgut epithelium and destabilizes the epithelium cells, causing
them to swell and resulting in cell lysis.5−8 The loss of several
epithelium cells compromises the insects midgut and results in
the in the death of the insect.5−7
Usage as Insecticides and Development of Trans-
genic Traits. Insecticidal formulations containing a mixture of
Bacillus thuringiensis spores and Cry proteins have been used to
control pest insects for decades. Although the ﬁrst commercial
insecticide product was introduced in France in 1938 to target
lepidopteran pests, it was not until the introduction of
Thuricide in the late 1950s that these formulations were used
on a wide scale.10,11 Sprays, powders, and other formulations
of Cry proteins or the bacterium B. thuringiensis continue to be
used in agricultural production on ﬁeld crops such as cotton,
potatoes, and maize, and on nonﬁeld crops such as fruit trees,
avocados, and strawberries.12−14 Cry protein-based insecticides
also have found uses outside of agriculture including controlling
for forest pests, nematodes, and termites.15−17 In addition to
plant protection, Cry protein-based insecticides also can be
used in protection of humans. Formulations containing Cry
proteins also are used to control black ﬂies in West Africa
(prevention of spreading of disease-causing parasitic worms) and
Argentina and Brazil (as nuisance control).18−20 Cry protein-
based insecticide formulations have been developed to control
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mosquitoes, as they are vectors for some of the most signiﬁ-
cant human diseases, such as malaria, dengue, and lymphatic
ﬁlariasis.18 These formulations are used throughout Asia,
Europe, and North and South America.
Currently, Bt formulations are primarily used by gardeners,
organic farmers, and in forestry.11 Their widespread use in
agriculture has been hindered by the narrow speciﬁcity of the
formulations, a lack of systemic activity, and a lack of stability in
the environment, resulting in low residual activity.11 These
factors can trigger the need for multiple applications to ensure
protection is achieved, and such near-constant spraying is not
economically viable.21 Another limitation in the use of Cry
protein formulations in agriculture has been the development
and rapid increase in the use of transgenic plants producing Cry
proteins for protection against pest insects. Development of
transgenic plants expressing genes for the production of Cry
proteins occurred near simultaneously in multiple laboratories.
Fischhoﬀ et al.22 developed transgenic tomato plants for the
control of several lepidopteran pests. These plants achieved
50−100% mortality of tobacco hornworm larvae (Manduca
sexta).22 Meanwhile, other laboratories were developing trans-
genic tobacco plants also to control for M. sexta. Vaeck et al.
developed transgenic tobacco plants that cause 100% mortality
of M. sexta larvae after 6 days.23 Barton et al.24 also developed
transgenic tobacco plants for protection against M. sexta, using
a diﬀerent trait, that were capable of achieving mortality at
levels similar to those observed in the previous two studies.24
Following up on these successes, other transgenic crops were
quickly developed, including cotton, rice, potato, and maize.25−28
All of this research led to the approval in 1995 of the ﬁrst
transgenic crops conferring insect resistance for commercial
use.29 Included in the ﬁrst round of approvals was Maximizer
maize (Ciba-Geigy), Bollgard cotton and New Leaf potatoes
(both Monsanto products), all of which were ﬁrst planted
commercially in 1996.29,30 Initially, only traits for cotton, maize,
and potato were available. Since these initial introductions,
transgenic cotton and maize expressing Cry proteins for insect
resistance have been widely adopted, while transgenic potatoes
have not. As of 2015, 81% of maize and 84% of cotton planted
in the United States expressed one or more insecticidal traits
for protection against a variety of insect pests.31 Sales of New
Leaf potato seeds never rose above 5% of the total amount of
potato seed sold, and it was eventually pulled from the market
after six years.32
Although maize and cotton are the only transgenic crops
expressing insecticidal traits currently available in the U.S.,
other crops are in various stages of development. Development
of transgenic tomato, tobacco, and rice plants expressing genes
for production of insecticidal Cry proteins have already been
mentioned in this review. However, these research eﬀorts have
yet to produce any commercially available products.30,33 Other
transgenic crops with Cry proteins for insect protection have
been developed and have even been approved for commercial
usage in other countries. Transgenic soybean plants have been
engineered to produce Cry1Ac for the control of several insect
pests.34,35 Transgenic soybean producing Cry1Ab protein was
registered for commercial use in Brazil in 2011.36
Several other vegetable species also have been genetically
modiﬁed to produce Cry proteins for insect protection. The
most successful, and only one currently in commercial usage,
is sweet corn engineered to produce Cry1Ab. It was ﬁrst
introduced in 1998 by Novartis Seeds and initially struggled
to gain a large market share due to a lack of public acceptance;
however, it is currently estimated that Bt sweet corn accounts
for 18−25% of the total fresh sweet corn market.37,38 A trans-
genic brinjal (eggplant) was approved for commercialization in
India in 2009, but it never reached market due to signiﬁcant
political pressure.39 However, it was released to a limited
number of farmers in Bangladesh in early 2014.40 Numerous
Brassica species have been developed including cabbage,
broccoli, cauliﬂower, canola, and rutabaga.41−45 Despite the
extensive research into these transgenic Brassica vegetables,
viable commercial products have not yet been developed.
Two nontraditional crop plants under development that
produce insecticidal Cry proteins are poplar and eucalyptus
trees. Poplar trees are important to the paper and timber
industries due to their rapid growth rate, but are susceptible
to damage from a variety of coleopteran and lepidopteran
pests.46,47 Transgenic poplar trees have been developed to
provide protection against either coleopteran or lepidopteran
insect pests, resulting in signiﬁcant protection.46,47 Like poplar
trees, eucalyptus trees are important sources for timber and
pulp for paper, primarily in Australia, and are susceptible to
defoliation; transgenic eucalyptus trees have been shown to
have excellent protection against insects.48
Nontarget Toxicity Concerns. Although individual Cry
proteins have a narrow spectrum of activity against speciﬁc
insect orders, some nontarget eﬀects have been reported. Much
work has focused on monarch butterﬂies (Danaus plexippus)
after a paper by Losey et al.49 reported decreased growth rates
and survival of monarchs fed with pollen from transgenic Bt
corn in a laboratory study and Jesse and Obrycki50 reported
lethal eﬀects from a ﬁeld study. Follow-up studies determined
only one type of Bt maize (Event 176), which is no longer
commercially available, was lethal to monarch larvae.51−53
Eﬀects from other types of commercially available maize were
expected to be minimal due to low toxicity and low exposure.54
Continuous exposure of larvae to pollen from Cry1Ab Bt maize
throughout development, a worse-case exposure scenario,
found evidence of reduced feeding, decreased weight gain,
longer development time, and increased larval mortality.53 The
estimated additional mortality to monarch population due to
worse-case exposure was only 0.6%.53
Other nontarget insects in the order Lepidoptera also have
been reported to be susceptible to Cry1Ab. The lycaenid
butterﬂy Pseudozizeeria maha fed on Cry1Ab-containing pollen
in laboratory studies exhibited decreased larval survival.55
Higher mortalities and decreased weight gain also have been
reported for Pieris brassicae, Pieris rapae, and Plutella xylostella in
laboratory studies.56 It should be noted, however, that both
studies utilized pollen from maize event 176, which is no longer
commercially available.
Some closely related Trichopteran species have been
reported to be susceptible to lepidopteran-active Cry proteins.
Decreased growth rates have been reported for the caddis ﬂy
Lepidostoma liba fed transgenic maize detritus; the detritus was
not analyzed, so the quantity and quality of the Cry proteins to
which the larvae were exposed were unknown57,58 (although
subsequent studies refute this claim59). Increased mortality
and decreased abundance in ﬁelds where Cry1Ab was present
have been reported for Helicopsyche borealis and Pycnopsyche sp.
respectively.57,60 Eﬀects on nontarget Dipterans have been
reported with the aquatic midge Chironmus dilutus showing
decreased survival on Cry3Bb1 and the crane ﬂy Tipula
abdominalis exhibiting decreased growth rates on transgenic
Cry1Ab maize (though the latter may be due to tissue diﬀerences
Journal of Agricultural and Food Chemistry Review
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between transgenic maize and near-isoline nontransgenic
maize).59,61 Cry1Ac has been reported to be more toxic to
C. dilutus than to Hyalella azteca, but this toxicity is limited at
environmentally relevant concentrations.62 [Further reading on
the eﬀects of Cry proteins to nontarget organisms has been
reviewed elsewhere.63−65]
Environmental Chemistry. As a result of these potential
nontarget toxicity issues, it is important to address questions
surrounding the environmental fate of Cry proteins. Environ-
mental fate questions that must be addressed include, but are
not limited to degradation, persistence, mobility, and bioavailabi-
lity of the Cry proteins. However, before any of these questions
can be answered, researchers must have adequate tools for
detecting and quantifying the amount of Cry proteins in the
environment. There are currently a wide variety of detection
methods available for Cry proteins, including high-performance
liquid chromatography/mass spectrometry, biological assays
(bioassays), and Western blotting. A drawback of these methods
is that they are time- and labor-intensive and as a result, are
generally cost-prohibitive for most researchers. Thus, most
researchers elect to use enzyme-linked immunosorbent assays
(ELISAs) to detect Cry proteins in environmental matrices.
■ ELISA USAGE FOR Cry PROTEIN DETECTION
Uses in Agriculture. One of the ﬁrst studies to investigate
the use of enzyme-linked immunosorbent assays (ELISAs)
for detecting Cry proteins was by Wie et al.66 The authors
investigated the prospect of using ELISAs to detect and quantify
the amount of crystal toxins from B. thuringiensis subspecies.
They determined that the ELISA method was highly accurate
and extremely sensitive. While speciﬁcity between dipteran-
active and lepidopteran-active toxins could be achieved, there
was signiﬁcant cross-reactivity between lepidopteran subspecies
of B. thuringiensis.66 Since that initial study, however, signiﬁcant
amounts of research have been devoted to improving the
antibodies used and the ELISA procedure as a whole.67−69 Early
use of ELISAs for detection of Cry proteins required developing
antibodies in the laboratory for the speciﬁc protein of interest.70
More recently, commercial manufacturers have been developing
ready-made kits with antibodies speciﬁc to 1−2 Cry proteins.
Supplemental Table 1 contains a list of ready-made ELISA kits
available from several manufacturers. [Discussion of ELISA
types, antibody types, and ELISA procedures has been covered
extensively elsewhere.71−74]
There are a wide range of uses for ELISAs currently in
agriculture. ELISAs can be used to screen cell cultures or plants
for the presence of a novel protein of interest to determine
which cell culture or plant is expressing the protein after genetic
transformation in a laboratory. These cell cultures or plants can
then be further screened to remove cultures or plants that are
expressing the protein at insuﬃcient levels. As trials expand into
greenhouses or ﬁeld settings, ELISAs can be utilized in event
selection to identify low trait expressing plants, allowing them
to be culled from the gene pool.75 Once a product is ready for
commercial usage, ELISAs can be used to determine protein
expression levels in roots, leaves, pollen, and other various plant
tissues. Such information is typically required by regulatory
agencies as part of the extensive registration packages. ELISAs
also may be employed as quality assurance/quality control tools
during seed production to ensure the products (i.e., seeds)
being delivered to the customers will perform as promised.76
Following harvest, ELISAs can be used to identify transgenic
crops from nontransgenic crops and ensure that transgenic
crops do not become mixed with nontransgenic crops through-
out the supply and processing chain, where required by
governmental regulations.77
A major use of ELISAs in agriculture research, and the focus
of the remainder of this paper, is for monitoring of Cry proteins
in environmental matrices pre- and postharvest. ELISAs are the
most popular method currently used to detect Cry proteins
in environmental samples. As with any pesticide, insecticides
containing Cry proteins may enter soil and water matrices
through direct application, such as foliar sprays and soil drenches,
or indirect application, such as spray drift and spills. Cry proteins
also may move into water via surface water runoﬀ and soil
erosion. Another pathway that Cry proteins in transgenic crops
can enter the ecosystem is through the transportation of crop
material. This typically occurs postharvest as crop residues are
incorporated into the soil or transported to water bodies (via
wind or surface water runoﬀ) and begin to degrade, releasing Cry
proteins.57,78,79 Cry proteins also may enter soil and water bodies
through exudation from plant roots or via pollen deposition.49,80
Understanding the movement and fate of Cry proteins in the
environment is crucial in determining the risk of Cry proteins to
nontarget organisms.
Presence/absence, dissipation, persistence, and partitioning
of Cry proteins in soil and water matrices can all be addressed
by ELISAs for both insecticide formulations containing Cry
proteins and transgenic crops producing Cry proteins. In lab
studies, Douville et al.81 spiked soil and water samples with pure
Cry1Ab protein to determine persistence in the environment.
Aquatic environments degraded the protein more rapidly than
soils, with half-lives of 4 and 9 days, respectively.81 This result
was corroborated by other research groups. In a study on the
aquatic fate of Cry3Bb1, half-lives of Cry3Bb1 protein in various
maize tissues in aquatic microcosms were less than 3 days, and
no Cry3Bb1 was detected in the water or sediment.61 A related
study looked at dissipation of Cry3Bb1 in maize tissues in soils
and determined there was a slightly longer half-life for the
various maize tissues in soil.82 Another research group showed
that two diﬀerent formulations containing Cry4, a mosquitocidal
protein, were below the limit of detection (LOD) of the ELISA
after 7 days (LOD = 2 ppb) in aquatic microcosm studies.69
In ﬁeld studies, the information on persistence and dissipa-
tion is mixed. Sundaram et al.83 investigated persistence of a
commercial Bt kurstaki formulation Foray 48B, on oak leaves
following foliar application to protect against the gypsy moth
Lymantria dispar L. Their results indicated that the amount of
toxin present was below the limit of quantiﬁcation of 8 ppb
after only 2 days.83 Gruber et al.84 studied the presence of
Cry1Ab in soil in ﬁelds following cultivation of transgenic maize
in the same four ﬁelds for nine consecutive years. The authors
found no evidence for accumulation or persistence of Cry1Ab
during long-term cultivation as only one site had protein levels
above the limit of detection 6 weeks after harvest, and no
protein was detected at any of the sites the following spring.84
Daudu et al.85 tracked the degradation of Cry1Ab in leaf and
stem residues in litter bags buried in soils and found that, after
14 days, less than 0.02% of the Cry1Ab remained in the leaf and
stem residues. In addition, no Cry1Ab protein was detected in
the soil around the litter bags, indicating that the Cry protein
was rapidly degraded.85
In contrast, Baumgarte and Tebbe86 studied the amount
of Cry1Ab protein in soil and plant tissue residues in two
agricultural ﬁelds where transgenic maize was grown. Cry1Ab
was detected in soils and plant tissues at both ﬁeld sites during
Journal of Agricultural and Food Chemistry Review
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the growing season and postharvest, with Cry1Ab still detected
in one ﬁeld seven months later.86 Tank et al.87 found free Cry
protein in 23% of 215 water samples taken from streams near
agricultural ﬁelds six months after harvest. The stark contrast
of these two studies with the previous three studies likely is
due to a lack of validation among all the studies. This lack of
validation, and the potential consequences, will be discussed
further in the “Cross Validation” section of this paper.
Advantages and Disadvantages. The use of ELISAs for
detection of Cry proteins in environmental matrices has several
advantages and disadvantages. ELISAs are highly sensitive, with
detection limits in the ng/mL range, and are highly selective
due to the speciﬁcity of the antibodies.77,88 ELISAs are easier
to perform and produce results more quickly than conventional
methods such as liquid chromatography paired with mass
spectrometry (LC/MS). While the amount of time dedicated
to sample preparation may be similar, analysis of the samples is
much faster with ELISAs. For example, analysis of a 96-well
microtiter plate designed to detect Cry1Ab or Cry1Ac protein
requires a total analytical time of 3.5−4 h, or 2−2.5 min per
sample, while analysis with LC/MS could take 10−15 min per
sample, for a total of 16−24 h.89 The ability to process a large
amount of samples in a short time span also makes ELISAs
cost-eﬀective.77 As of May 2015, a 480 well Cry1Ab/1Ac kit
from Agdia, Inc. (Elkhart, IN, USA) cost approximately $600
USD, or $1.25 per sample (not including controls).90 Depend-
ing on equipment setup, the cost to operate a LC/MS can be
$30−100 per hour. Assuming costs are $30 per hour, and run
time per sample is 10 min, analysis of 480 samples with LC/MS
would cost $2,400 ($5 per sample).
A drawback with the use of antibodies, however, is that the
antibodies may cross-react with closely related proteins, such as
antibodies speciﬁc for Cry1Ab cross-reacting with Cry1Ac.88,91,92
Also, nonspeciﬁc binding may occur between other proteins in
environmental samples and the antibodies, enzymes, or even
the plastic microtiter plates utilized in the assays.93 Further,
if the protein structure is altered or the antibody binding sites
are damaged, there can be reduced antibody−antigen binding,
which may aﬀect the accuracy of the analysis.77 Conversely,
ELISAs can only distinguish between bioactive and nonbioactive
proteins when the protein structures are altered signiﬁcantly.
Thus, if only minor structural alterations exist that render the
protein inactive against susceptible insect species, but do not
aﬀect the binding of the antibodies to the protein epitopes, then
a protein that is not bioactive may be detectable by the assay,
producing a false-positive result.70,94 Finally, ELISAs are not
readily conducive to multianalyte analysis.91 Some attempts have
been made to allow for detection of multiple analytes, but these
are not true multianalyte analyses, as they require dividing a
microtiter plate into multiple sections, one for each analyte. This
can greatly reduce the number of samples per plate; if samples
are screened for three diﬀerent analytes, the number of samples
per plate decreases from 96 to 32.95
■ VALIDATION OF ELISAs
As with any analytical method, validation of ELISAs is necessary
to ensure that the performance of the assay meets speciﬁc
criteria. These criteria, as well as the scope of the validation
procedure, may vary according to the intended use of the assay;
however, at a minimum, validation procedures typically address
the sensitivity, speciﬁcity, accuracy, and precision of ELISAs to
ensure that the target analyte can be detected and/or quantiﬁed
in a reproducible manner. Several excellent articles and book
chapters have been published on the topic of ELISA validation
and cover the topic in greater detail than in this review.71,72,93
Additionally, several articles have been published describing
validated methods for detection of Cry proteins in various
matrices.92,96−99 The remainder of this section will brieﬂy cover
the key areas of validation: sensitivity, speciﬁcity, accuracy, and
precision.
Sensitivity. The sensitivity of an ELISA is determined
by the smallest amount of target analyte that an assay can
reproducibly detect. For a quantitative ELISA, the quantitative
range, upper limit of quantitation (ULOQ), and lower limit
of quantitation (LLOQ) are important parameters for deﬁning
sensitivity. The quantitative range is the range over which the
ELISA will produce quantitative results within acceptance
criteria; it is determined by the concentrations over which
the standard curve produces a linear response. The ULOQ and
LLOQ are the highest and lowest concentrations, respectively,
that can be measured with an acceptable level of accuracy and
precision. They are commonly deﬁned as the highest and lowest
points, respectively, on the standard curve. The sensitivity for
a qualitative ELISA is often deﬁned by the limit of detection, or
the lowest concentration at which it is possible to diﬀerentiate
between a positive and negative sample. The limit of detection
can be deﬁned as an absorbance reading that is two or three
standard deviations above a negative or background control
sample.72,93
Speciﬁcity. The speciﬁcity of an ELISA is the capacity of
the assay to diﬀerentiate between the Cry protein of interest
and other components that may be present in the samples.
There are two main constituents to speciﬁcity: cross-reactivity
or interference of other transgenic proteins, and cross-reactivity
or interference of matrix components. Checking for cross-
reactivity with other proteins (including transgenic proteins) is
essential to determining if the antibodies utilized in the ELISA
will bind to other closely related proteins, such as Cry1Ab and
Cry1Ac. Fortunately, for researchers using commercial ELISA
kits, this work is typically performed by the manufacturer.
Equally important is determining if the matrix (e.g., soil, tissue,
water) can aﬀect the capacity to detect and/or quantify the Cry
protein of interest. Matrix components may contain homolo-
gous endogenous counterparts that could potentially cross-
react with the antibodies, producing a response. Nonspeciﬁc
binding between the antibodies and matrix components also
may produce a positive response, while decreased ability of the
assay to quantify the protein may occur if matrix components
interfere with the antibody−Cry protein interaction.93
Accuracy. The accuracy of an ELISA is its ability to
determine the true amount of Cry protein in a sample. The
accuracy of an ELISA can be determined through the use
of extraction eﬃciency and fortiﬁcation-and-recovery studies.
Extraction eﬃciency is used to express the capability of an
extraction method to separate the Cry protein of interest from
the sample matrix, which is determined by utilizing serial
extractions of the same sample. The amount of protein in the
ﬁrst extraction is divided by the sum of the protein in all the
extractions. Extraction eﬃciencies between 70% and 100% with
a coeﬃcient of variation (%CV) of less than 20% are ideal.
Fortiﬁcation-and-recovery testing (also known as spike-and-
recovery) is used to determine recovery across multiple points
in the quantitative range. In this test, negative soil, tissue, or
water samples (samples free of Cry proteins) are fortiﬁed or
spiked with a known amount of protein. The samples are then
extracted once according to the extraction procedure, and the
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amount of protein recovered is divided by the total amount of
protein initially added. Ideal mean recovery values are between
70% and 120%, with a CV of less than 20%.72,93 The inherent
variability in biological systems and the small quantities of Cry
proteins that are typically found in environmental samples
make accurate measurements challenging and can lead to
recovery values greater or less than 100%. Some major factors
in the extraction process that can aﬀect the recovery of Cry
proteins in the extraction eﬃciency and fortiﬁcation-and-
recovery procedures from various environmental matrices
include the type of extractant/solvent used, number of times
a samples is extracted and the duration of each extraction, and
the type of agitation used (grinding, shaking, etc.).
Precision. The precision, or reproducibility, of an ELISA
describes the amount of variation that may occur within an
assay or across multiple assays. The use of commercial ELISA
kits can help reduce some of this variability, especially if kits
from the same lot number (i.e., same source of antibodies,
enzyme conjugate, etc.) are used for all samples. However,
not all sources of variability can be accounted for by the use
of commercial kits, such as day-to-day and analyst-to-analyst
variability, and thus, the precision of the assay needs to be
veriﬁed. Assay precision can be tested by analyzing aliquots
of the same quality control samples of known concentration
multiple times (across days, analysts, etc.). The mean and
standard deviation of all of these samples can then be used to
calculate the %CV for the samples. Ideally, the %CV will be less
than 20%, though this can vary depending on the intended use
of the assay.71,72,93
■ CROSS VALIDATION
The procedures and criteria for validating the analytical per-
formance of ELISAs are well described, as previously discussed.
One area that is not well-deﬁned is the cross validation of
ELISA results. False-positive ELISA results, a positive detection
when no antigen is present, are a known issue with ELISAs
across many areas of science.100−102 One potential source of
false-positive results when analyzing environmental samples for
Cry proteins is the detection of partially degraded proteins by
the ELISA. This may result from the prevalent use of polyclonal
antibodies in commercial ELISA kits. Polyclonal antibodies
bind to multiple epitopes on a protein; therefore, a partially
degraded protein may have a suﬃcient number of antibody
binding sites still intact to allow for a positive detection.
Several published studies support this possibility. Einspanier
et al.103 collected samples from the gastrointestinal tract (GIT)
at slaughter of cows fed either transgenic Cry1Ab maize or
nontransgenic isoline maize; the samples were analyzed with
a commercial ELISA kit for Cry1Ab/1Ac. The results indicated
that Cry1Ab protein resisted digestion and appeared to
accumulate in some intestinal juice samples. Cross-reactivity
of the ELISA with animal, microbial, or plant compounds was
ruled out because this phenomenon was not observed in
cows fed nontransgenic isoline maize. In a follow-up study,
the authors hypothesized that the positive ELISA detection
may have been the result of a fragmented, yet immunoreactive
Cry1Ab protein reacting with the antibodies.101 This hypothesis
was tested in a second feeding study. Cows were fed either
transgenic Cry1Ab maize or nontransgenic isoline maize, and
GIT samples were collected at slaughter. In addition to ELISAs,
Western blotting was performed on all samples. The ELISA
results emulated the initial study; Cry1Ab protein was detected
in all samples, and the concentration appeared to increase
during passage through the GIT. Cross-reactivity with animal,
microbial, or plant components was again ruled out. The
Western blot data told a diﬀerent story. Fully intact Cry1Ab
was not detected in any GIT samples; fragment bands at
approximately 17 and 34 kDa were observed in cows fed
transgenic maize, while no comparable protein bands were
observed in cows fed nontransgenic maize. The results support
the hypothesis that the Cry1Ab protein was fragmented, yet still
capable of immunoreacting with the ELISA antibodies.101
Similar results were observed in earthworm tissue samples.
Emmerling et al.104 collected samples of earthworm casts
and gut content and analyzed the samples for the presence
of Cry1Ab with ELISAs and Western blotting. ELISA results
indicated a decreasing, yet still detectable concentration of
protein as the protein moved through the earthworms’ digestive
tract. However, no fully intact protein was observed in any of
the samples. Three fragments with an approximate size of
17, 23, and 31 kDa were detected in the foregut and midgut
samples. Western blotting did not indicate that fragments were
present in samples of the hindgut or cast material, even though
Cry1Ab was detected in these samples by ELISA. The authors
did not specify if blank control samples were performed; thus,
positive ELISA detections in the hindgut and cast samples may
be the result of cross-reactivity with animal, microbial, plant, or
soil components.104
These studies provide examples of why validation is necessary
to ensure that only fully intact Cry proteins are being detected
by ELISAs. Detection of nonbioactive Cry protein fragments by
ELISAs may lead to an overestimation of the amount of protein
in the environment. These overestimations could potentially
have impacts on the risk assessments for transgenic crops
and insecticide formulations containing Cry proteins. Although
validating ELISA results with bioassays is ideal, Western blotting
and LC/MS also can be used to validate results generated by
ELISAs.
Bioassays. The best way to determine if biological activity
of the Cry proteins remains is to perform bioassays on environ-
mental samples with an insect species susceptible to the protein
of interest. There are many diﬀerent bioassay methods, depend-
ing on the sample matrix to be studied. Soil samples may be laid
over the top of the prepared insect diet or incorporated directly
into the diet.96,105 Alternatively, Cry proteins may be extracted
from soil samples, and then the extract can be incorporated into
the diet or overlaid on top of the diet.106 Plant tissue and
detritus can be analyzed by direct feeding on the tissue, or by
incorporating the tissue or detritus into the diet.107,108 Water
samples may be analyzed by placing the insects directly into
the water.69 After a predetermined incubation period on the
sample-infused diet, insect mortality and other parameters,
such as insect weight or head capsule width, may be recorded
to determine lethal and sublethal eﬀects. Bioassays are only
semiquantitative; exact protein concentrations are impossible
to deﬁne, but based on known LC50 and EC50 values (the
concentration needed to cause mortality or a speciﬁc eﬀect in
50% of the sample population, respectively), a general idea of
the concentrations present can be determined. Other draw-
backs that limit the usefulness of bioassays for cross validation
are that they are time-consuming, expensive, and labor-
intensive to set up and analyze, along with maintaining insect
colonies for further studies. Also, results may be skewed if an
increase in sample material (soil, plant tissue) in the diet is
needed to increase protein concentrations to levels suﬃcient
to cause negative eﬀects. This increase in sample material may
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cause a decrease in the essential nutrients needed for insect
survival, which could result in higher than anticipated mortality
or eﬀect levels. Thus, bioassay results also should be validated.
The three studies discussed below give a sampling of how
bioassays have been used for cross validation. Head et al.109
analyzed soil samples for the presence of Cry1Ac from cotton
with ELISAs and bioassays. Bioassays were performed by
mixing soil with water to form a slurry, which was then mixed
with an agar-based diet. After the diet solidiﬁed, one ﬁrst-instar
tobacco budworm larva (Heliothis virescens) was introduced into
each well. Larval survival and insect weights were determined
after 7 days. The bioassays supported the ELISA results that
indicated no protein was present in any of the soil samples.109
Shan et al.96 analyzed soil samples for the presence of Cry1F
from maize with ELISAs and bioassays. Rhizosphere soil
samples were collected and diluted by a factor of 10 (weight/
volume) with agar. This suspension was then laid over the
top of the previously prepared insect diet, and one neonate
H. virescens was placed in each well. Mortality and insect
weights were recorded after 6 days. Cry1F was not detected
in any of the rhizosphere soil samples by bioassays, which
corroborated the ELISA results.96
Zwahlen et al.108 analyzed maize detritus collected from litter
bags over a period of several months for the presence of
Cry1Ab with ELISAs and bioassays. In the ﬁrst year of the
study, maize detritus was incorporated directly into the insect
diet and fed to neonate European corn borers (Ostrinia
nubilalis); percentage mortality and weights of surviving insects
were recorded after 6 days. In the second year, maize detritus
was mixed with extraction buﬀer and then added to the insect
diet; mortality and insect weights were recorded after 5 days.
In both years, larval mortality decreased over time. This ﬁnding
supported the ELISA results, which showed that the Cry1Ab
concentration in maize detritus also decreased over time.108
Western Blotting. Western blotting is a technique used to
identify speciﬁc proteins in a sample. First, gel electrophoresis
is used to separate proteins and fragments in a sample by size.
The proteins and fragments are transferred, or electroblotted,
onto a nitrocellulose or polyvinylidene diﬂuoride membrane.
Antibodies speciﬁc to the protein of interest are incubated with
the membrane and bind to the protein. Finally, a substrate is
added which allows for visualization of the protein bands on
the membrane. Depending on the type of enzyme conjugated
to the antibody and the type of substrate used, detection can be
colorimetric, chemiluminescent, radioactive, or ﬂuorescent.110
Western blotting is capable of detecting small quantities of
protein in a sample. However, Western blotting is still time-
consuming, expensive, semiquantitative and has a reduced
throughput. These drawbacks are likely a few of the reasons
Western blotting is not used more often.
In addition to the studies described above, two other
studies also have used Western blotting to validate their results.
Gruber et al.111 traced the fate of Cry1Ab protein in transgenic
maize, through animal feed, and into liquid manure. Cry1Ab
was detected by ELISA in transgenic maize and animal feed
prepared from transgenic maize; Western blotting conﬁrmed
the presence of fully intact protein. In the liquid manure
samples, ELISAs showed a decrease in Cry1Ab concentration
over time, which was conﬁrmed by Western blotting; however,
after 24 weeks of storage, ELISAs still showed that Cry1Ab
was present, while Western blotting detected only a 34 kDa
fragment.111
Paul et al.112 analyzed GIT samples from cows fed transgenic
Cry1Ab maize or nontransgenic isoline maize. The ELISA
results echoed the Einspanier et al.103 and Lutz et al.101 studies;
Cry1Ab appeared to accumulate as it moved through the GIT.
Western blotting determined that small quantities of fully intact
Cry1Ab were present in all samples, but that the accumulation
of protein observed in the ELISA results could be attributed to
an increase in fragments approximately 17, 34, and 42 kDa in
size, and not due to an increase in fully intact Cry1Ab.112
LC/MS. Liquid chromatography paired with mass spectrom-
etry (LC/MS) is another analytical method that may be used to
detect Cry proteins in environmental samples. In this method,
proteins are digested into peptides via proteolytic enzymes.
These peptides are separated by high eﬃciency nanocolumn
liquid chromatography, which feeds the peptides directly into
the mass spectrometer. The peptides are ionized by the mass
spectrometer, and all intact peptide ions are measured. The
instrument then selects peptide ions based on predetermined
criteria such as charge state or mass-to-charge ratio (m/z) and
subjects these selected peptides to collisionally induced
dissociation (CID), which causes the peptide ions to fragment
in a predictable manner. The CID fragmentation pattern can be
used to determine the sequence of the peptide; this sequence
can be compared to databases containing sequences of known
proteins to identify the protein in the sample and determine if it
is fully intact or a fragment. This method allows for identiﬁ-
cation of a single protein or fragment in a complex mixture of
proteins without the need for further puriﬁcation.113
Currently, the study of Cry proteins with LC/MS has
been limited to identiﬁcation of new toxins and investigations
into the mode of action of Cry proteins. Yang et al.114 utilized
two-dimensional liquid chromatography−tandem mass spectro-
metry to analyze protein samples from Bacillus thuringiensis
strain 4.0718. The authors identiﬁed more than 1,000 unique
proteins; 11 of these proteins were determined to be
insecticidal Cry proteins. Bayyareddy et al.115 used LC/MS to
identify aminopeptidases and alkaline phosphatases, which
are known receptors for Cry4Ba, in the detergent-resistant
membranes (also known as lipid rafts) of the yellow fever
mosquito (Aedes aegypti). These detergent-resistant membranes
had previously been suggested as potential entry points for
bacterial pathogens and their toxins. No studies using LC/MS
to analyze environmental samples or validate ELISA results were
found in this current literature review. This is not surprising,
as the high initial setup costs, maintenance costs, specialized
training required to operate the instrument, and long sample
analysis time (>90 min114,115) make LC/MS a less favorable
option for detection of Cry proteins and validation of ELISA
results in environmental samples.
Hu and Owens116 demonstrated proof of concept for the
detection of Cry proteins with LC/MS. They analyzed
transgenic maize tissue extracts with LC/MS for the presence
of three foreign proteins and were able to determine the con-
centration of all three proteins in a single sample extract.
Further, when compared to ELISAs, the LC/MS method had
less day-to-day variation and produced comparable results;
most of the LC/MS data were within two standard deviations
of the ELISA data.116
■ CRITICAL REVIEW OF PUBLISHED STUDIES
The ﬁnal section of this article reviews several published studies
and critiques their usage of ELISAs for detection of Cry proteins
in the environment. This is not meant to be an exhaustive
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review of all published articles, but rather is intended to provide
the reader with a general assessment of how the scientiﬁc
community is utilizing ELISAs for Cry protein detection and
quantiﬁcation and identify areas for improvement. Table 1
summarizes the reviewed articles.
Sensitivity. The sensitivity of ELISAs is one of the areas of
validation that is most commonly reported in research articles.
The limit of detection (LOD) is most often reported, while
the lower limit of quantitation (LLOQ) is reported less often.
A few studies reported decision limits instead of LLOQ; these
decision limits were determined according to governmental
criteria.84,111,117 Additionally, a few studies reported only the
LOD for the commercial ELISA kit used in the study, and
did not report the LOD or LLOQ for the diﬀerent matrices
investigated.118,119 Of the studies that reported LOD values, the
results conﬁrm that ELISAs are a sensitive method of detection;
the LOD in these studies ranged from 0.01 ng/g (0.01 ppb)
to 4 μg/g (4 ppb) in soil and 2.1 ng/L (2.1 ppt) to 6 μg/L
(6 ppb) in water.87,120−123
One-fourth (nine out of 26) of the studies reviewed failed to
report any validation of sensitivity; thus, the sensitivity of the
recovery methods and ELISA procedures used in these studies
is unknown. In at least one study, the authors reported that
no Cry1Ab protein was detected in soil that was in contact with
decaying transgenic maize tissue.85 Since the authors did not
report any sensitivity data, it is impossible to determine if, in
fact, no protein was present, or if Cry1Ab protein was present
in the soil, but the recovery methods and ELISA procedures
used in the study were not sensitive enough to detect the
protein.
Speciﬁcity. The use of commercial ELISA kits targeted for
detection of only one or two proteins has helped resolve some
of the speciﬁcity issues that occur in environmental fate studies,
especially when multiple Cry proteins may be present.
However, cross-reactivity of the antibodies with components
in the sample matrix or interference of the sample matrix,
preventing antibodies from binding to Cry proteins, still needs
to be addressed, regardless of whether or not a commercial kit
is used. For example, Shan et al.96 used a commercial ELISA
kit and observed slight matrix eﬀects in samples of soil extracts.
To mitigate the matrix eﬀects, a 2× dilution was used for all
samples.
Several studies (14 of 26) analyzed blank soil or water
samples for the presence of Cry proteins in parallel with their
analysis on environmental samples. In nearly all of those control
samples, no positive detections occurred; thus, cross-reactivity
with sample matrix components was excluded. However, these
blank samples do not account for the ability of matrix
components to interfere with the quantitation of a protein.
Testing for interference (as well as cross-reactivity) should be
performed by mixing a 2× standard curve with the blank sample
matrix (water, soil extract, etc.), resulting in a 1× standard
curve in a 2× dilution of the matrix. Using a 1× standard
curve prepared in assay buﬀer as a reference, the diﬀerences
between the theoretical and observed values for the points in
the standard curve prepared in the matrix can be calculated.
Diﬀerences of greater than 20% may indicate interference or
cross-reactivity, though this may vary.93 Another problem with
running only blank matrix samples can be observed in the study
by Wang et al.124 In that study, the authors detected protein in
soil samples from plots planted with non-Bt rice. Since no
further sensitivity validation steps were performed, it is diﬃcult
to determine if the positive detection is the result of a basal level
of protein in the soil, as the authors suggest, or is due to cross-
reactivity to soil components.124
As with sensitivity, approximately one-fourth (9 out of 26)
of the studies reviewed failed to report any validation of
speciﬁcity. Therefore, the extent of the eﬀect, if any, that cross-
reactivity and interference of other proteins and matrix
components may have on the results of these studies is diﬃcult
to ascertain.
Accuracy. Approximately one-third (10 out of 26) of the
studies reviewed failed to report any recovery or extraction
eﬃciency values for accuracy. Thus, it becomes diﬃcult to
determine how eﬃcient these extraction methods were at
recovering Cry proteins from various environmental matrices.
Further, of the studies that do include recovery values, many
of the recovery values are signiﬁcantly below the acceptable
recovery range of 70−120%. Recovery values of 10−50% in soil
are common, although higher recoveries are attainable.86,111,123,124
Soil type has a signiﬁcant impact on the recovery values of Cry
proteins observed in soil samples. Soils high in clay and silt
content typically yield poor recovery of Cry proteins (10−50%)
while soils high in sand content yield better recoveries (75−
98%).84,96,125 Recovery of Cry proteins in water also is highly
variable, ranging from 23% to 78%.69,123 One study avoided
this issue by analyzing the water directly; however, since no
protein was detected in the water samples, extracting the
samples (i.e., concentrating) would have been advisible to
increase the sensitivity of the method.61
Low recovery values are a known problem with extraction of
Cry proteins from environmental matrices.64 One mechanism
to manage this issue is to perform spike and recovery on multiple
samples and determine the variation between the samples. A %
CV of less than 20% provides support that a researcher is using
an accurate extraction method, even though recovery of the
protein may be less than 70%.93 Only one of the studies reviewed
provided %CV values; Shan et al.96 reported %CV values of
5.4−13.8% for soil recovery. An additional four studies reported
recovery means and standard deviations.109,111,123,125 Thus, the %
CV for these studies can be calculated by dividing the standard
deviation by the mean and multiplying by 100%. In these
studies, the calculated %CV values range from 4.7% to 21.2%
depending on the sample matrix. Three additional studies
reported means, standard error, and sample size.82,122,126
Standard deviation in these studies can be calculated through
the equation: =standard error standard deviation
sample size
, or written another
way, = ×standard deviation standard error sample size . In
these three studies, the calculated %CV values ranged from
6.1% to 35.1%. Eight of the reviewed studies provided the
standard error or percentage recovery, but did not provide
enough additional information (i.e., sample size) to calculate
%CV for the studies. As noted above, the remainder of the
studies failed to report percentage recovery.
Precision. Precision is the area of validation reported the
least in the literature reviewed here. Only 6 of 26 studies
reported any information on validation of assay precision. Two
studies used assay methods that previously had been validated
for precision.121,123 Shan et al.96 investigated the precision of
the assay across analysts and days (%CV = 9.4−14.6%), while
Gruber et al.111 validated the intra- and interassay precision
(%CV = 5.9% and 14.6%, respectively). The ﬁnal two studies
reanalyzed plates that had a %CV greater than 10%.61,82
Three-fourths (20 of 26) of the studies not reporting precision
data did utilize commercial ELISA kits. Use of commercial kits is
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advantageous, as these kits undergo rigorous testing by the
manufacturer during development to ensure uniformity with
plates, between plates, across antibody lots, etc. Thus, some of
the concerns regarding assay precision can be mitigated by the
use of a commercial ELISA kit, while other areas still need to
be validated (e.g., variation between analysts, etc.). Finally,
ﬁve studies prepared ELISA plates in their laboratories using
lab-generated or commercial sources of antibodies.69,84,108,109,118
All of these studies failed to report precision data. This is
signiﬁcant, as the processes for preparing these plates in research
laboratories is most likely not as reﬁned as the processes used
in commercial manufacturing facilities, which could result in
inconsistencies across plates or even within a single plate.
Additionally, there may be signiﬁcant variability between lots
of lab-generated antibodies. All of these factors can aﬀect the
variability of the assays, making comparisons between samples
on separate plates diﬃcult.
Cross Validation. A vast majority of the studies failed to
perform any form of cross validation. Thus, it is impossible
to determine if the Cry proteins detected in environmental
samples were fully intact and/or biologically active. A few
papers recognized that the protein detected may not be fully
intact and/or biologically active. Baumgarte and Tebbe86
recognized that they could not “claim that the immunoreactive
Cry1Ab protein detected in soils and plant residues was actually
biologically active.” Nguyen and Jehle127 also acknowledged
that “it is not clear whether these ELISA detectable Cry1Ab
residues still retain their bioactivity.” Gruber et al.117 did not
perform cross validation, but protein was not detected in any
of the soil samples, rendering cross validation unnecessary.
Seven papers performed bioassays with an insect species that
was susceptible to the protein of interest in the study. In ﬁve of
the studies, the bioassay results conﬁrmed the ELISA results. In
the studies by Zwahlen et al.108 and Fejes et al.,69 the bioassay
results showed decreasing mortality and sublethal eﬀects, as
the protein levels, as determined by ELISA, also decreased.
Bioassays performed by Head et al.109 and Shan et al.96 indicated
that no Cry protein was present in any of the samples, which
corresponded to the ELISA results. Wang et al.126 performed
bioassays on soil samples from the rhizosphere region of trans-
genic rice plants and observed no signiﬁcant eﬀects, conﬁrming
the ELISA results; however, the authors did not perform
bioassays on samples taken from soil amended with transgenic
rice tissue.
The remaining two studies produced the most interesting
results. Bioassays performed by Marchetti et al.128 suggested
toxicity of the proteins decreased more rapidly than estimated
by ELISA results. This is interesting because it indicates that
the ELISAs may be detecting nonbioactive forms of the protein.
Gruber et al.111 cross validated their results with Western
blotting instead of bioassays. The results showed that Cry1Ab
fragments of 17, 34, and 42 kDa, as well as the full-length
65 kDa parent molecule, were detected in transgenic plant
tissue and animal feed from transgenic plants. Only the 34 kDa
fragment and the full-length protein were detected in liquid
manure. The most interesting result, however, is that, after
24 weeks of storage, the full-length protein had been degraded
and only the 34 kDa fragment remained, yet Cry1Ab could
still be detected in the slurry by ELISA at a concentration of
approximately 1 μg/g. This is interesting because, as with the
Marchetti et al.128 study, it indicates that the ELISA may be
detecting degraded, nonbioactive forms of the protein.
ELISAs have emerged as the predominant method for
detecting Cry proteins in the environment. ELISA validation
methods are necessary to ensure usable data are generated in
environmental fate studies. These methods, and their associated
acceptance criteria, have been validated through years of
research, but they have yet to be widely adopted by environ-
mental fate researchers. More than 90% of the studies reviewed
failed to perform one or more of the ﬁve key areas of validation.
Thus, substantial improvement in estimating the concentrations
of Cry proteins in environmental samples can be made by
simply increasing the practice of utilizing validation methods.
Additionally, little to no information exists on whether Cry
protein fragments can be detected by ELISAs. Research is
needed to determine if Cry protein fragments can be detected
by ELISAs and whether the fragments retain biological activity.
Understanding the fate of Cry protein fragments can help
determine if a need exists for cross validation of ELISA results
with another analytical technique. Increasing the accuracy
of environmental measurements will increase the usefulness
of these data to regulators and will allow for a more eﬃcient
regulatory process.
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